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ABSTRACT 
The increment of recycling of steel using electric arc furnace and the tendency to coat of steel products with 
zinc, in order to prevent corrosion, has increased the proportion of galvanized scrap used worldwide in the 
recent years. Approximately 10 to 20 Kg/t of cast steel is generated in casting arcs. These collected dusts 
electric arc furnace (EAF dust) contains iron, zinc, lead, and cadmium. Mainly in the form of oxides and their 
wastes are considered hazardous typically in countries such as Brazil, U.S., Japan and Germany. It is 
estimated that from the total of 7.5 million metric tons of EAF dust generated worldwide only 45% is 
recycled. With Waelz process, the EAF dust can be treated to recover zinc by means of reduction-
volatilization-oxidation reactions occurring within the rotary kiln. In this work the thermodynamics of the 
Waelz process is studied to optimize the recovery of volatiles especially zinc. Kinetic parameters were 
evaluated trough series of ten experiments, comprise the major process factors such as type of  reductants 
(charcoal and petroleum coke), time (20 – 120 minutes) and temperature (450 - 1150°C). The mechanical 
behavior of the pellets was evaluated by compressive cold strength and drop tests. Characterization was 
performed using scanning electron microscopy, microanalysis EDS, X-ray diffraction, X-ray fluorescence, 
granulometric analysis by laser diffraction, as well as measurements of moisture, bulk density and percentage 
of volatiles, fixed carbon and ash. The small pellets (10mm) with charcoal used as a reductant, presented a 
higher compression and higher recovery of volatiles than those with petroleum coke. 
Keywords: Self-reducing pellets; recovery of zinc; treatment of steelmaking waste; Waelz process. 
1. INTRODUCTION 
Nowadays, environmental sustainability has been led to improve new development focusing recycling and 
use of metals contained in several residues from metallurgical industry. Zinc is the third most widely used 
non-ferrous metal in the world and therefore is present in great quantity of wastes from metallurgical pro-
cesses. Furthermore, the final applications of zinc based materials including galvanized products (corrosion 
protection), copper alloys, batteries, agriculture and cosmetics [1,2]. 
Primary sources of zinc are sulphide and oxidized ores, such as: sphalerite - (Zn, Fe)S; zinc carbonate 
- ZnCO3; zinc silicate - Zn2 (SiO4) and franklinite - (ZnFe2O4). In 2015, for example, were produced 
13,400,000 metric tons of ores, equivalent to more than 100,000 metric tons of refined zinc [1]. On the other 
hand, there is also a search of reprocessing of secondary sources, such as waste from the galvanizing industry 
and recycling of dusts from electric arc furnace. 
One of the main secondary sources of zinc, are the dust of the particulate removal systems of electric 
arc furnace - EAF. Approximately 10 to 20 kg of dust from non-integrated steelworks using electric arc fur-
nace are generated for each ton of steel manufactured [2]. In 2014, the world steel production via EAF gener-
ated about of 8,100,000 metric tons of waste containing approximately 1,700,000 metric tons of zinc [3]. 
Zinc recycling results in environmental, social and economic benefits, including the decreasing of 
several relevant factors: (i) atmospheric emissions and air pollutants; (ii) save energy and (iii) solid waste 
generation. The controlled deposition, or not, of waste from the electric steelworks (powders and fine dust 
from de-dusting system) causes various environmental impacts. These materials are classified by toxic and 
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dangerous, as much in Brazil NBR 10004 standard (ABNT, 2004) [5], as in other countries like US-EPA 
(Environmental Protection Agency, 1998) [6], Japan and Germany (GMDI 170, 1990) [7]. 
Dust and powders collected in the de-dusting systems from the EAF is primarily composed by iron 
and zinc oxides, followed by lead, copper, nickel, calcium and magnesium oxides. The iron might be present 
as magnetite (Fe3O4), wustite (FeO), hematite (α-Fe2O3 and/or -Fe2O3) or in its metallic form (Fe) [8] while 
zinc is found in its metallic form (Zn(s)), zinc oxide (ZnO(s)) and zinc ferrite (ZnO.Fe2O3(s)). 
From the industrial point of view, the Waelz process is the oldest method and the main recycling route 
of waste from electric steelworks containing zinc, representing 5.2% of the world production of refined zinc 
[4]. The Waelz process, which process schema is shown in figure 1, is a pyrometallurgical method, character-
ized by the volatilization of nonferrous metals like zinc, lead and cadmium, from a solid mix (EAF dust + 
binder + reductant + water). Such mixing is reduced by coal or petroleum coke (reductants), in a rotary kiln 
without generating liquid slag. The EAF dust is then converted in Waelz oxide, and later taken to refineries 
for recovering the zinc metallic. 
 
 
Figure 1: Typical Waelz process schema (recycling of dusts and residues containing zinc), from [9]. 
 
Despite the significant cost of carbon reductants (coal and/or coke) used in the high Waelz process, 
the low cost of raw materials and energy, as well as the relevant zinc price, make the process profitable [4,11]. 
Therefore, the reduction of zinc oxide contained in EAF dust is usually prepared using carbon as reductant, 
releasing carbon monoxide (carbothermic reduction), to assist in the sequential reduction reactions of the 
process [12]. 
Although there are other technological alternatives for the treatment of residues containing zinc, such 
as: hydrometallurgical processes, Mitsui furnace, electrothermal recovery, via Daido furnace and Primus, 
among others. Besides, hydrometallurgical processes can cause secondary residues simultaneously [14] and 
serious problems of leaching contamination due to halogens contained in EAF dust. [15]. Thus, the Waelz 
recycling process remains the predominant method for powder processing, covering approximately 85% of 
the market. The Waelz process is a recycling route with low energy consumption, high reliability, and high 
recovery rates, since values of up to 95% are achieved depending on the process parameters [4]. This process 
has been the preferred option for the recycling of EAF dust and remains the only one to have achieved com-
mercialization [13].  
 
 
1.1 Carbothermic Reduction 
Studies of morphology performed in synthetic dust, reduced by carbothermic way, showed the decomposition 
to oxides (ZnO and Fe2O3), between 800 to 1000°C and a sequential reduction of both zinc and iron oxides 
[16, 17]. Similarly, in an inert atmosphere, the pure zinc ferrite is preferentially decomposed to ZnO and 
Fe2O3 [18] as shown in reaction 1. The changes involved in the reduction of zinc oxide in EAF powder with 
iron powder are described in equations 1 to 5. 
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ZnO.Fe2O3 (s) = ZnO(s) + Fe2O3 (s);      (1)  
  
After the decomposition reaction, the Fe2O3 is reduced to Fe with the following overall reaction 2: 
 
Fe2O3(s) + 3C (s) = 2 Fe (s/l) + 3CO (g)              (2) 
 
The intermediate reactions are described by the following reactions (3-5) in the temperature range be-
tween 700-1200°C [14]. It is worth mentioning that the pCO/pCO2 ratio must be defined by Boudouard reac-
tion: 
 
3 Fe2O3(s) + CO (g) = 2 Fe3O4(s) + CO2(g)         (3) 
Fe3O4(S) + CO (g) = 3 FeO(s) + CO2          (4) 
FeO(S) + CO (g) = Fe (s) + CO2(g)          (5) 
 
At the same time, at low temperatures, zinc oxide (ZnO) is reduced to liquid zinc according reaction 6..  
ZnO(s) + CO (g) = Zn (l/g) + CO2(g)         (6) 
 
At high temperatures, zinc is vaporized (Reaction 6) and the amount of zinc in the gas phase is de-
scribed by equation (7). Where K is the equilibrium constant and pZn, is the partial pressure of zinc vapor. 
 
(pZn * pCO2)/PCO = K           (7) 
 
The carbothermic reduction of zinc oxide has been studied between 127 to 1973°C. However, the zinc 
reduction occurs around 927°C in two distinct steps: (i) reduction reaction of zinc oxide (Reaction 6), and (ii) 
Boudouard reaction (Reaction 8) [19]. The Figure 2 shows, the pCO/pCO2 ratio versus temperature at various  
pCO and the reduction of ZnO with carbon, for total pressure of 1 atm. 
 





















Figure 2: Equilibrium gas ratios for reduction of ZnO(s) to Zn(l) as well as to Zn(g) including the Boudouard reaction [20]. 
 
A treatment of a synthetic zinc ferrite was carried out in a TGA (thermal gravimetric apparatus) with 
argon flow to simulate the sequential kinetics of the reactions of reduction [17]. It was proposed that initially 
the zinc ferrite decomposes to the ZnO and Fe2O3 oxides. Those oxides are reduced by carbothermic reduc-
tion and the zinc produced from the reduction of ZnO release immediately in gaseous form, while the Fe2O3 
is reduced through the sequence Fe2O3→Fe3O4 → FeO → Fe, confirming the above equations [17]. Hong, 
Sohn, & Sano [19]. found an activation energy for carbothermic reduction of zinc oxide between 800 and 
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900°C of 222 kJ/mol [14], while Osinga, Olalde and Steinfeld [16] obtained an apparent activation energy of 
201.5 kJ/mol. 
 
For further optimization of treatment of EAF dust, pyrometallurgical recycling of EAF dust has to con-
front the challenges related to several factors; the complex occurrence as the association of various metallic 
phases in the dust, the reoxidation of non-ferrous metals after reduction, and the enrichment of hazardous 
impurities in the generated fume and residue. In order to solve those issues, a detailed exploration of the me-
tallic phases in the dust based on thermodynamic and kinetics analysis was performed. [21]. 
2. MATERIALS AND METHODS 
 
2.1 Preparation of the self-reduced pellets  
The EAF dust and the reductants have dried at 140°C overnight before their homogenization in a mixer Tur-
bula WAB. The pellets were then prepared manually through the mixture of EAF dust, coal or petroleum 
coke as a reducer, Ca(OH)2, sugar cane molasses as a binder agent and water. After its manufacture, the pel-
lets were stored in an oven at 100°C to prevent moisture. They had a diameter of 10 mm for carbothermic 
reduction tests and for compressive strength measurements. For drop test, pellets with three different diame-
ters have been produced (15.0; 10.0 and 7.5 mm). The drop test for green pellets (with different curing times 
(drying): 1, 3, 7 and 14 days) was tested individually by dropping them from heights of 0.5; 1.0; 1.5 and 2.0 
m on a ceramic tile. Five replicates were used for each test. 
 
2.2 Carbothermic reduction of EAF dust 
The experiments conditions are presented in Table 1. The isothermal reduction of pellets was divided in a 
series of 10 experiments, prepared in a tubular furnace under argon flow (0.20 m
3
/h). The mass loss was 
measured using an electronic scale with the sample suspended by a stainless steel wire, as shown in Figure 3. 
The pellets were individually reduced while time was measured until the stabilization of the mass loss, 
caused by the removal of volatiles. Afterwards, sample was cold for 20 minutes under argon flow (0.40 m
3
/h) 
and then removed of the oven for subsequent analysis. 
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Figure 3: Experimental apparatus for carbothermic reduction tests 
 
2.3 Characterization methods 
The initial raw-material EAF dust and the reduced pellets were analysed by a DRX Bruker difratometer with 
(Cu Kα; λ: 1.54178 Å; using a scan rate of 0.02%). The chemical composition was evaluated in spectrometer 
X-ray fluorescence (calibration STD-1). The particle size distribution analysis was performed by a laser 
granulometer Helos. 
           All samples were observed at different magnifications with a CambridgeStereoscan scanning electron 
microscope (SEM). The semi quantitative chemical evaluation was performed using energy dispersive X-ray 
spectroscopy (EDX) to evaluate the zinc content before and after the carbothermic reduction in temperatures 
of 450 to 1150°C. The mechanical properties (compression) of the samples were tested, according to ASTM 
E382 – 12 “Standard Test Method for Determination of Crushing Strength of Iron Ore Pellets” [25] using a 
KRATOS universal testing machine equipped with a 50 kgf head. The compression was carried out at a con-
stant load velocity of 4 mm/min. 
           Charcoal and petroleum coke were used as reductants. Each reductant were ground and sieved to a 
same size particle (D50 of 13.2 µm), in order to eliminate the influence of such variable in the self-reduction 
process. The proximate analysis of the reductants were prepared according to ASTM D3174-11 “Standard 
Test Method for Ash in the Analysis Sample of Coal and Coke from Coal” [26],  ASTM D3173-11 “Standard 
Test Method for Moisture in the Analysis Sample of Coal and Coke” [27] e ASTM D3175-11 “Standard Test 
Method for Volatile Matter in the Analysis Sample of Coal and Coke” [28] and are shown in table 2. The 
procedure for carrying out the immediate analyzes of EAF were adapted from the ASTM standards used in 
the immediate analyzes for charcoal and petroleum. 
 
Table 2: Chemical analysis and characteristics of the reductants. 
REDUCTANT MOISTURE(%) VOLATILES(%) ASH(%) 
FIXED 
CARBON(%) 
Charcoal 5.09 ± 0.10 30.23 ± 1.00 0.77 ± 0.26 69.00 ± 0.52 
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3. RESULTS 
 
3.1 Characterization of Raw Material 
The EAF dust used in the present study was kindly supplied by Votorantim-Brazil. A complete 
characterization of the raw material was performed and is shown in table 3.  
 















11.24 ± 1.20 
 
0.12-50.00 
D50 of 2.90 µm 






 The main phases presented X-ray diffraction are ZnO.Fe2O3 (franklinite) and Fe2O3 (hematite), 
besides other phases in a lesser proportion such as ZnO, Zn, SiO2, and other oxides in a fewer amount. The 
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3.2 Microstructural evaluation of self-reducing pellets of EAF dust at temperatures from 450 to 1150°C 
Figures 5 and 6 show the SEM pictures of reduced pellets with charcoal and petroleum coke, respectively, 





















Figure 5:SEM images of EAF dust pellets reduced with charcoal: a) raw pellet, b), c), d), e) and f) reduced pellets at 
450 °C, 650 °C, 800 °C, 1050°C and 1150°C respectively. 
 
 
Figure 5-b shows that the typical spherical morphology of particles from EAF dust, reduced at 450°C 
are still present on the pellet from the agglomerated state. The EDX results, indicated the presence of iron, 
zinc, calcium and oxygen. For pellets reduced at 650°C, the particles began to lose the round aspect becam-
ing slight amorphic, thinner and agglomerated (Figure 5c). A relevant change in chemical composition was 
not found compared to the previous temperature, however brightest and clearer particles composed basically 
of lead are clearly seen. The particles presented in pellets reduced at 800°C show the beginning of a coalesc-
ing state and an increasing amount of lead particles, while at 1050°C (Figure 5d) particles are in a state of 
merger due to an amorphous appearance. Lead particles are not found because of the melting temperature of 
lead oxide (888°C) and the EDX analysis indicated the presence of iron, calcium and oxygen once zinc was 
volatilized. Finally, at 1150°C particles size is clearly increased showing their melting and coalescing. The 
chemical composition showed that the lighter phase is rich in iron, while the light and dark gray phases are 
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Figure 6: SEM images of EAF dust pellets reduced with petroleum coke: a) raw pellet, b), c), d), e) and f) reduced pel-
lets at 450°C, 650°C, 800°C, 1050°C and 1150°C respectively. 
 
 
The pellets reduced with petroleum coke presented the similar behavior of those reduced with charcoal 
although in a lower rate. Structural changes occurred due to the increase in temperatures of carbothermic 
reductions are shown in Figure 7. The phases formed are independent of the reductant used, since changes 
are dependent on the stoichiometric calculations and on conditions of the self-reduction process. 
The XRD pattern in figure 7 has shown that at 450°C, main and secondary phases are composed by 
Fe2O4, ZnO, ZnFe2O4 and MgO, Ca(OH)2, SiO2, respectively. At 650°C phases of Fe2O4, FeO, ZnFe2O4, and 
ZnO are identified, followed by smaller proportions of MgO, CaO e SiO2. Increasing the temperature to 
800°C zinc is present as ZnFe2O4, ZnO and Zn°, iron is found as Fe3O4 and Fe°, besides small amounts of 
MgO, CaO and SiO2. At 1050°C, most of zinc and iron oxides are reduced. The phases present at this tem-
























Figure 7: XRD pattern of EAF dust at different carbothermal reduction temperatures. 
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3.3. Evaluation of kinetic model for self-reduction Waelz process in temperatures from 450 to 1150°C. 
Figure 8 shows the mass loss in function of the time for carbothermic self-reduction of EAF dust pellets with 


















Figure 8: Mass loss of self-reducing pellets in the range of 450 to 1150°C. (Full line: pellets reduced with petroleum 
coke; Dash line: pellets reduced with charcoal). 
 
Clearly the carbothermic reduction is influenced by temperature, once weight loss increase with tem-
perature as shown in Figure 8.Figure 9 presents the fractional reaction for pellets reduced with both petrole-
um coke and charcoal at various temperatures of reduction (450 to 1150°C). 
  
Figure 9: Fractional reaction with temperatures between 450 and 1150°C - a) Petroleum coke. b) Charcoal. 
 
 
           It was assumed that the reducing process of EAF dust follows a first-order kinetics and, therefore, the 
kinetic equation (9) might be  
    -ln (1-f) = k.t.       (9) 
where f is the fractional reaction, t is the reacton time and k is a pseudo kinetic constant 
 
The Figure 10 presented the kinetic curves for carbothermic reduction of EAF dust at temperatures of 800, 
a b
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Figure 10: Kinetic carbothermic reduction behavior of PAE (EAF dust) reduced with charcoal, and petroleum coke 
 
 


















Figure 11: Arrhenius plot for carbothermic reduction of EAF dust using charcoal and petroleum coke. 
 
           The apparent activation energies for reduction reactions were 110.60 kcal/mol and 108.41 kJ/mol, 
respectively, for charcoal, and petroleum coke indicating that in both cases the process is controlled by a 
mixed mechanism with a control tendency toward mass transfer. 
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 In figure 12 are shown the results of characterization by SEM and EDX for carbothermic reduction at 
















Figure 12: SEM pictures of needles shape structure at 5,000X magnification, showing the hexagonal structure of zinc 
oxide confirmed by EDX analysis. 
 
3.4 Evaluation of mechanical behavior of both green and reduced pellets of EAF dust at temperatures 
from 650 to1150°C 
Figure 13-b shows the variation of compressive strength for pellets cured at 1, 3, 7 and 14 days. The 
compressive strength of pellets must be great also during thehigh temperature carbothermic reduction step, 
considering the collision between them and the microstructural changes into the rotary furnace. The results of 
compressive strength for pellets reduced at different temperatures are shown in Figure 13-a. 
 
 
Figure 13: Mechanical behavior of compressive strength for EAF dust pellets reduced with charcoal and petroleum coke. 
a) Reduced pellets at various temperatures. b) Green pellets as a function of cure time  
 
3.4.1 Drop tests 
Figure 14 shows the variation of minimum height of fall for breaking the PAE pellets reduced with coal and 
petroleum coke. Effects of diameter of pellets (7.5 mm, 10.0 mm and 15.0 mm) and the cure time (1, 3, 7 and 
14 days) were analyzed. 
a) b) 
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Figure 14:Variation of minimum height for breaking the EAF dust pellets of different diameters over the cure time in 
days. a) Charcoal. b) Petroleum coke. 
4. DISCUSSION 
Based on results of XRD, SEM images and EDX, chemical and morphological changes were found for 
pellets reduced with both charcoal or petroleum coke at 450°C. Hematite particles from raw EAF dust 
became magnetite at temperatures below 700°C [22, 23]. Increasing the temperature by 200°C, a percentage 
of Fe3O4 reduce to FeO at temperatures below 800°C [10]. At temperatures of 800°C, reduced pellets showed 
clearly lead particles.  
 Kinetic calculations of carbothermic reduction were performed for temperatures from 800 to 1150°C, 
because the overall reduction adopted comprises zinc and iron reduction. The main reactions of those 
reductions take place in this range of temperature. Thus, at the final of the reduction reaction, the solified 
structure is composed of metallic iron as main phase. The slag phase has wustite (FeO), calcium, magnesium 
and silicon oxides blends (CaO, MgO and SiO2) as secondary phases. 
 Kinetic analysis indicated that the reaction rate increase with the temperature. This finding is 
supported by others authors [16, 17, 24], although their reducing reagents or binder were different. Charcoal 
has high reactivity and faster reaction rate compareted with petroleum coke. However the general behavior of 
carbothemic reduction are similar. 
 SEM images of samples reduced at 800°C presented a white sheet around the pellet, and small white 
needles on the support wire, indicating the presence of ZnO, also confirmed by its hexagonal structure clearly 
seen on figure 12. Zinc oxide might be a reduction product of less stable oxides. The raw dust contain NiO 
and Cu2O (0.025% and 0.231%, respectively, detected by XRF) and those oxides might probably assist the 
ZnO formation. At 1050°C ZnO was not found, however at 1150 °C a small trace of white sheet was found 
on the support wire, probably due to the high release rate of volatile from the sample at this temperature. 
 Results of compressive strength presented an addition in resistance of approximately 30% of the initial 
resistance for both reductants at 14 days of cure time. Pellets reduced with charcoal showed a compressive 
strength greater than those reduced with petroleum coke, with a difference of approximately 4 Newtons. 
 Figure 13a, shows the decrease of resistance in the range of 400 to 800 ºC for pellets reduced with 
both reductants. Such reduction might be related to the appearance of cracks on the pellet surface causing a 
fragility of pellets and also by the decomposition of hydroxides at temperatures of about 600 to 900°C, 
respectively. 
On the range of 800 to 1150 ºC mechanical resistance of pellets after thermal treatment increases, and the 
more importantmaximum force supported were reachedby pellets made with charcoal,as a result of the 
formation of iron layers in its state of sintering, obtaining an internal structure of pellet more compact, 
despite the fact the density of cracks on the surface is high. 
 For coal pellets synthesized with the first day, the minimum break time is the same for all three 
diameters, but during the day the resistance of the pads undergoes changes, therefore, the minimum height 
for breakage pellets 7.5 mm diameter increases while the beads with 10 mm diameter remained constant until 
day 14. Finally, pellets with 15 mm diameter decreased the minimum height of break due to the amount of 
mass of each pellet, the diameter and also surface which is in contact with the floor at the moment of impact. 
a b 
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Pellets prepared with petroleum coke having 7.5 mm of diameter presented the same behavior of pellets 
prepared with charcoal. On the other hand, pellets with diameter of 10 and 15 mm presented a constant 
minimum height for breaking the samples over the 14 days, although lowest values when compared to values 
of samples reduced with charcoal. 
 Charcoal pellets acquire more resistance than pellets with petroleum coke, however, the obtained 
results regardless the type of reductant, point to pellets of 7.5 mm as the ideal size for the transportation 
process of green pellets. 
 The increased mechanical resistance of pellets with charcoal and petroleum coke are probably related 
to the calcium hydroxide content, serving as a binder on the particles of raw material, hardening the pellets 
by the action of CO2, besides the agglomeration of calcium oxide and silica by the formation of hydrated 
calcium silicates.  
 The results of compressive strength test for pellets over the 14 days of cure time are great taking into 
account the demand to carry such material till the rotary kiln of a Waelz process. 
5. CONCLUSIONS 
Carbothermic reduction of pellets of EAF dust, presents a previous phase of oxidation of metallic zinc at 
800°C, assisted by oxygen from less stable metals. For temperatures higher than 800 °C, the decomposition 
of zinc ferrite to ZnO and Fe2O3 takes place and consequently their simultaneous carbothermic reductions. 
 All results of kinetic calculations indicated the temperature as the main parameter in the carbothermic 
reduction of EAF dust. The temperature has a remarkable effect on the reduction rate of zinc and iron oxides, 
and also shows a great importance in the model of chemical reaction, as a limiting factor to control the rate. 
 Sintered and reduced pellets with charcoal showed a better mechanical behavior at both green and 
after reduction in all temperatures tested and also presented a greater reaction rate and reduction rate. 
Estimated activation energy aroound 110 kJ/mol indicated that, in both cases (charcoal and petroleum coke), 
the proceess is controlled by  a mixed mechanism with a control tendency toward mass transfer. 
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